Abstract-This paper proposes the comparison among different sensorless position estimation strategies suitable for permanent magnet assisted synchronous reluctance machine drives. A machine of such type was designed and optimized aiming at improving its sensorless performance, besides minimizing the torque ripple and maximizing the power factor. Different sensorless solutions for the estimation of the magnetic flux linkage and for tracking the rotor angle are investigated and their performance compared in computer simulations. Experimental results are reported for the PM-assisted synchronous reluctance motor drive example.
I. INTRODUCTION
The continuous increase of electrical energy demand compels a significant effort in the direction of reducing the related environment pollution and greenhouse effect. Therefore, it has become mandatory to improve the efficiency of electric motors used in many application fields [1] . New standards on rotating electrical machines are way more demanding than in the past, in terms of efficiency. Presently, the Synchronous Reluctance (SynRel) motor appears to be one of the most attractive emerging electrical machine technologies. Suitable for vehicle traction [1] - [4] , [9] , industrial applications and household appliances [5] , these motors present excellent features such as a robust structure, very high-speed capabilities, absence of excitation winding and low back electro motive force, leading to a safe behavior in case of inverter failure. On the contrary, the well-known drawback of reluctance machines is the poor power factor and the attitude to producing non-negligible torque ripple [6] . To compensate for these downsides and to maximize the motor performance, an optimized design of the entire drive is always required [6] , [8] . Furthermore, the power factor and the machine torque density can be improved with addition of limited quantities of rare-earth magnet or low-cost ferrite magnet, resulting in the so-called Permanent Magnet assisted Synchronous Reluctance (PMaSynRel) configurations [8] .
Respect to induction machines with the same frame size, the PMaSynRel machines exhibit a higher torque density and efficiency, over a wide operating speed range [5] .
Because of their anisotropic rotor structure, PMaSynRel motors are also suitable for zero-speed sensorless control, with all the benefits related to the absence of any kind of mechanical transducer [10] . Also, they easily allow flux weakening if PM flux amount is negligible compared to the rated flux, since in this case the flux is mainly controlled by the stator currents. This paper is divided in two parts. The first part describes the design of the electric motor, its main features and the determination of the preliminary magnetic model used to implement the control strategy on the experimental platform drive. The second part is dedicated to the comparison of three sensorless position estimation strategies. Experimental results are presented for the sake of validation of the simulation results. The analysis identifies the best control strategy, and the data required from the motor design stage to have appropriate control performance, in sensorless operation.
II. MOTOR DESIGN AND MAGNETIC MODEL
The design of the machine is briefly introduced in this section, highlighting the main features that have been optimized with the aim of simplifying the sensorless control for both low and high speed operation mode. The magnetic model determined through Finite Element (FE) Analysis and used for the initial tuning of the control parameters is described in subsection B.
A. Electrical machine design
A PM assisted SynRel machine was designed for a power and speed rating that suits well a motor to be used for household appliances. The stator is that of a commercial induction motor, with 24 slot and distributed windings. The 4 pole rotor of the induction machine was replaced with a new design made of an anisotropic structure like the one shown in Fig.1 , maintaining the same number of poles and thus the same winding configuration. The rotor has three flux barriers per pole, with the central parts of the barriers filled with ferrite permanent magnet, having the function of assisting the saturation of the radial and tangential iron ribs. Their dimensions were determined through a mechanical model in order to obtain a robust rotor and preserve the structure subject to centrifugal forces when the machine is running at high speed. Thanks to the high anisotropy of the rotor, this machine is well suited for sensorless operation and position detection even down to zero speed. Given the 24-slot stator lamination geometry, the rotor was designed considering a peak current density in the slot fixed to J MAX = 4.5 A RMS /mm 2 and a fill factor assumed to be k fill = 0.4. The geometry was designed and optimized by means of 2D FE models. The final machine is reported in Fig. 1 . The design strategy aimed to achieve the rated torque T n , taking full advantage of the iron B−H characteristics of the silicon steel commercial laminations M470-50A. After optimization of the rotor laminations geometry, a torque ripple of 7.3% is achieved at rated torque. Motor parameters are given in TABLE I.
B. PMaSynRel magnetic model
The dq reference frame was chosen following the SynRel conventions. The d-axis is aligned with the maximum permeance direction, as represented in Fig. 1 . Consequently, the PM flux linkage is aligned to the negative q-axis direction. The magnetic model was obtained with finite element simulations. The motor parameters were determined post processing the results of the FE analysis. Fig. 2 reports the magnetic flux−current and inductance−current characteristics, obtained with the FE simulations. As can be noted, the cross saturation effect influences the motor parameters significantly: separation of the flux curves is due to the current component on the other axis. The simplest way of taking into account the cross saturation, is to store the magnetic model of the machine into two bi-dimensional look-up tables representing ( , ) III. PMASYNREL CONTROL SCHEME
The control strategy is based on an ordinary current vector control in the dq axes, depicted in Fig. 4 . The outer loop performs a speed control, and the speed measurement may come from either a physical sensor or a sensorless algorithm. The output of the speed regulator is the modulus of the current. In order to prevent output voltage distortion due to saturation of the duty-cycle, prior to Park and Clarke inverse transformations, the dq voltage is saturated so that the angle of the vector is preserved, even when the amplitude is saturated. The adopted vector control scheme needs the knowledge of the rotor angular position and speed. In sensored solutions these come from a physical sensor, typically an encoder or a resolver, while in sensorless schemes they must be obtained with some type of software observer able to track the rotor position [11] . Three sensorless methods were investigated, as reported in Section IV.
IV. PMASYNREL SENSORLESS CONTROL
As stated above, in order to implement a sensorless control strategy it is necessary to track the angle of the rotor. Three different solutions for the position estimation algorithm were investigated and are reported below.
A. Permanent Magnets Flux Observer
This observer estimates the rotor position tracking the phase angle of the flux linkage produced by permanent magnets, that is in phase with the negative q-axis of the rotor. The idea is that this flux is given by the difference (1), where ˆa 
B. Sliding Mode Observer (SMO)
This sensorless strategy is based on a modified version of the Sliding Mode Observer (SMO) to estimate the rotor position and perform sensorless operation [12] . The most important part of this scheme is the current observer, based on the inverse magnetic model ( )
The The conventional SMO uses the sign function as switching function, and a low-pass filter (LPF) eliminates the chattering effect. In the proposed solution, this task is done with a different function to reduce the computational load of the algorithm.
Also in this scheme the angle J used in the Park ( ) A J and inverse Park ( ) T A J transformations is self-supplied by the observer.
C. Hybrid flux observer
The upper part of this observer estimates the flux ab l integrating the back-emfs, while the lower part relies on the magnetic model of the motor. The two contributions are added with a frequency-dependent weight [13] .
At higher frequencies the most important contribution is that given by back-emf integration (the term / ( ) s s g + is a high pass filter, HPF), while at lower frequencies the most important contribution is given by the magnetic model (the term / ( ) g s g + is a low pass filter, LPF).
The sum of the coefficients that represent the weights of the two contributions is always one.
The magnetic model of the motor is implemented as a bi-dimensional look-up table
Since the flux vector dq l , and its observed counterpart ˆd q l , on the rotating dq frame have, in general, an angle different from zero, tracking the flux vector produces an error in the estimation of the rotor angle J , which is the displacement between the ab and dq reference frames needed by the Park's transformations (Fig. 8) . A correction was introduced in order to overcome this problem, evaluating J as stated in (4), where J¢¢ represents the flux angle in the rotating frame dq and J¢ is the angle of the same flux in the stationary frame ab .
In the following, the strategy adopting this correction is addressed as "hybrid flux observer with compensation".
The whole observer (integrated back-emf and model-based branches) estimates the magnetic flux on the ab axes, but the proposed improvement needs the flux in the dq frame. So it becomes necessary to add a Park's transformation as shown in Fig. 9 . A simplified version of the observer relies on the usage of ˆd q l (available at the magnetic model output) and allows to avoid the transformation block, thus reducing the calculation time in the final implementation. Furthermore, considering the magnetic behavior of the motor, in all the practical working conditions d q l l  , so that (5) can be approximated with (6) . This allows to implement the Re, Im J¢¢  block with only one division.
In all the three previous observers the Re, Im J  blocks were implemented with a phase-locked loop (PLL).
V. SIMULATION RESULTS
A Matlab/Simulink model was adopted for the comparison of the investigated observers, featuring the magnetic model of the motor and performing the control strategy of Fig. 4 . Simulations were conducted with a rotor speed of 2000 rpm at rated torque.
The flux observer block was implemented in the three different ways described in the previous section. All of them present good performance tracking of the rotor angle  , as shown in Fig. 11 . All the traces are substantially superimposed, however, a small angular displacement exists for each of them.
The error with respect to the actual rotor position (i.e. as sensed by a position transducer) is displayed in Fig. 12 . The rms values of the errors over three electric periods are reported in TABLE II. As can be seen, the SMO exhibits the highest error (10.76°), while the lowest mean error of -0.41° comes from the hybrid flux observer with the compensation of the flux vector angle in the dq reference frame, which presents both the lowest rms error and almost no oscillation. Hybrid flux observer with compensation 0.76°
VI. EXPERIMENTAL RESULTS
In order to validate the effectiveness of the investigated observers, experiments were performed on the PMaSynRel machine mechanically coupled with a personal computer (PC)-controlled load machine. The motor was driven by a threephase voltage PWM inverter featuring the smart power module STK5Q4U362J from On Semiconductor (10 A, 600 V), controlled by the 32-bit Toshiba TMPM375 microcontroller, with a 20 kHz PWM frequency. Rotor position was measured by means of an encoder.
The experimental board also contains a SPI interface, which is used for connection with an external digital-to-analog converter (DAC) for monitoring the control variables evolution. A simplified scheme of the setup is shown in Fig.  13 . The adopted motor features a rated torque of 1.5 Nm up to 4500 rpm and a maximum speed of 12000 rpm reachable through flux weakening.
The focus of this work is on the sensorless techniques, i.e. the validation of the flux observer performance in tracking the rotor position and, consequently, the speed. Tests were carried out adopting for the flux observer the best performing one from the simulations, that here is presented as the "hybrid flux observer with compensation". The correspondence between the tracked angle from the observer and that one reconstructed from the encoder signals was examined. Fig. 14 depicts the angle evolution at 4000 rpm that confirms the simulated results. The angle from the Hybrid flux observer without the proposed compensation (magenta trace) exhibits an error of about 5°, while the compensated one is almost free from errors (blue trace superimposed to the yellow trace from the encoder). 
VII. CONCLUSIONS
In this paper, three flux observer architectures for permanent magnet assisted synchronous reluctance machines were tested and compared by simulation. The one that performed better in simulation ("hybrid flux observer with compensation") was experimentally tested on a specially designed PMaSynRel machine, both with and without compensation of the flux vector angle in the dq reference frame. Experimental results confirm the results of the simulations and the good performance of the hybrid flux observer.
